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Actin Straightens the Myosin Relay Helix during the Powerstroke
Joseph M. Muretta, Karl J. Petersen, Margaret Titus, David D. Thomas.
University of Minnesota, Minneapolis, MN, USA.
We have used transient time-resolved FRET, (TR)2FRET, to resolve the
structural kinetics of the myosin relay helix during the actin-activated power
stroke. The relay helix plays a critical role in force generation in all myosin
isoforms coupling structural changes in the ATPase site with rotation of the
light chain binding domain and force generation. Previous work demon-
strated that the relay helix of the myosin II motor domain from Dictyoste-
lium Discoideum exists in dynamic equilibrium between a bent pre-
powerstroke state stabilized by ATP, and a straight post-powerstroke state
which predominates in the presence of ADP or when the nucleotide binding
site is empty. We predict that actin binding to the myosin.ADP.Pi complex
will reverse helix bending. This transition should parallel the myosin power-
stroke. To test this hypothesis, a Cys-lite Dictyostelium myosin motor do-
main was labeled at two introduced Cys residues shown to detect relay helix
bending using DEER, TR-FRET and (TR)2FRET spectroscopy. We pre-
formed a (TR)2FRET experiment measuring the structural distribution of
the relay helix every millisecond after rapid mixing of myosin.ADP/Pi
with actin. This experiment showed that actin binding straightens the bent
helix. We characterized the actin dependence of helix straightening and
then correlated this dependence with the kinetics of actin binding and phos-
phate dissociation from the myosin active site. Numerical simulations were
used to model a system containing pre and post-powerstroke structural states,
actin binding, hydrolysis and phosphate dissociation. We globally fit this
model to the (TR)2FRET, actin binding, and phosphate dissociation tran-
sients. From this analysis, we are able to determine the timing of helix
straightening with respect to actin binding and the critical step of phosphate
dissociation which acts as the thermodynamic driving force for myosin’s
force generating powerstroke.
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Differential Impact of Temperature and Magnesium on Myosin V and
Myosin II
Anja M. Swenson1, Darshan Trivedi2, Yasuharu Takagi3, James R. Sellers3,
Christopher M. Yengo2.
1Gustavus Adolphus College, Saint Peter, MN, USA, 2Pennsylvania State
University College of Medicine, Hershey, PA, USA, 3National Institutes of
Health, NHLBI, Bethesda, MD, USA.
We examined the impact of temperature and free magnesium concentration on
monomeric FlAsH labeled myosin V (MV FlAsH), dimeric myosin V (MV
HMM), and dimeric fast skeletal muscle myosin II (SK HMM) using ATPase
and motility assays. Our results indicate that MV HMM and SK HMM both
have a linear dependence on temperature that is similar in both ATPase and mo-
tility assays. However, MV FlAsH contains a different temperature dependence
in ATPase and motility assays suggesting its short lever arm may impart a high
strain dependence in the motility assay. MV HMM and MV FlAsH are in-
hibited by high concentrations of magnesium in both ATPase and motility as-
says. The rate-limiting step in myosin V is known to be ADP release, which we
demonstrate correlates well with the magnesium and temperature dependence
of ATPase and motility assays. Interestingly, SK HMM exhibits magnesium in-
hibition in ATPase assays, but only a slight decrease is observed in the motility
assay. In SK HMM the rate-limiting step in ATPase assays is thought to be at-
tachment to actin or phosphate release, while in motility assays it is controver-
sial. Our results indicate that SK HMM is better described by an attachment
limited model in the motility assay. Magnesium may reduce the duty ratio of
SK HMM which alters ATPase activity but not velocity in the motility assay.
Future experiments will determine if magnesium alters the actin binding and/or
the product release steps in myosin V and skeletal muscle myosin. Myosin V
contains a tyrosine (residue 439) in the switch II region, which is an alanine
at the corresponding position in myosin II, suggesting this residue may play
a key role in differentially altering magnesium coordination in the active site
of myosins.
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Magnesium Regulates Myosin V Motor Activity by Altering Key Confor-
mational Changes in the Nucleotide Binding Pocket
Darshan V. Trivedi, Anja Swenson, Christopher M. Yengo.
Pennsylvania State University, Hershey, PA, USA.
We investigated how magnesium impacts key conformational changes in the
nucleotide binding pocket of myosin V and how these alterations impact the
mechanochemical cycle. The conformation of the nucleotide binding pocket
was examined using our established FRET system in which myosin V labeledwith FlAsH in the upper 50 kDa domain participates in energy transfer with
mant labeled nucleotides. Our previous work demonstrated the rate limiting
conformation change in the actomyosin V ATPase cycle is opening of the
nucleotide binding pocket which precedes ADP release from the open state.
We examined the maximum actin-activated ATPase activity of MV FlAsH at
a range of free magnesium concentrations (0-10 mM) and find that the high-
est activity occurs at 0.5 mM magnesium, while there is a 50-60% reduction
in activity above 4 mM magnesium. We also demonstrate that the motor ac-
tivity assayed by in vitro motility is similarly dependent on magnesium con-
centrations. Transient kinetic studies of mantADP binding/release with
actomyosin V FlAsH demonstrate the equilibrium between the open and
closed nucleotide binding pocket conformations is dependent on magnesium
with the closed state stabilized by magnesium. We find that the kinetics of
the nucleotide binding pocket opening step correlates well with the ATPase
and motility results over a wide range of magnesium concentrations. In the
absence of magnesium (presence of 4 mM EDTA) the nucleotide binding
pocket populates a single conformation that is dramatically open at higher
temperatures. In addition, magnesium significantly slows the rate of ADP re-
lease from the open state. Our results shed light on the structural mechanism
of ADP release in myosin V and allow us to speculate about the conserved
conformational pathways involved in strain sensitive ADP release in
myosins.
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The Substep of Myosin Va is Associated with an Increase in Stiffness of the
Myosin Va Head Domain
Aike T. Schweda1, Nils F. Hahn1, John Sleep2, Walter Steffen1,
Bernhard Brenner1.
1Hannover Medical School, Hannover, Germany, 2University of Exeter,
Exeter, United Kingdom.
Vertebrate myosin Va transports cargo by processive movement that is opti-
mized by coordination of the two heads via intramolecular strain (Veigel et
al Nat Cell Biol 2002). Such coordination requires substantial stiffness of the
head domains. Otherwise one head cannot ‘‘sense’’ changes in the other
head. Substantial stiffness, however, generates substantial restoring forces im-
peding diffusive movement of the free head to its next binding site about 10nm
beyond the throw generated by the stroke of the myosin Va. Such conflicting
constraints raise the question whether stiffness of the myosin Va head domain
may change during the ATPase cycle.
We measured myosin Va head stiffness with a modified three-bead trapping as-
say. One bead of the dumbbell was attached end-on to the actin filament to re-
duce compliance of this link. To determine myosin Va stiffness we applied
ramp-shaped movements to the stage and followed the position of the end-on
attached bead. When a myosin Va head bound to the dumbbell, the dumbbell
started to follow the stage movement, however, with reduced amplitude. The
reduced amplitude we attributed to elastic distortion of the myosin Va head,
elastic extension of the actin-bead link, and compliance between the myosin
Va molecule and the nitrocellulose coated third bead. Compliances of the
actin-bead links were determined according to Smith et al. (Biophys J 2001)
and by force-extension curves.
Coinciding with the substep in myosin Va binding events bead movement sud-
denly followed the imposed stage movement more closely than before the sub-
step, indicating suddenly reduced elastic extension of myosin Va. Quantitative
analysis suggests a stiffness of the chicken myosin Va head domain of about
0.2pN/nm before the substep and a 2.5 to 3-fold increase in stiffness with the
substep.
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Single Molecule Measurement of the Myosin V Energy Transduction
Process
Keisuke Fujita1, Mitsuhiro Iwaki2, Atsuko H. Iwane1, Toshio Yanagida1.
1Graduate School of Frontier Bioscience, Osaka Univ., Osaka, Japan,
2Graduate School of Medicine, Osaka Univ., Osaka, Japan.
Myosin V is an ATPase molecular motor that takes 36 nm processive steps
along actin filaments in a hand-over-hand fashion. Experiments using gold
nano particles have revealed that this movement consists of two processes: a de-
terministic lever arm swing and diffusional Brownian search. Although both
are thought to contribute to the ATP chemo-mechanical energy transduction,
details of their contributions remain poorly understood.
Here, we constructed a new optical tweezers system that incorporates a DNA
linker to the myosin V to investigate this matter. The optical tweezers exert
an external force onto one of the motor domains via the DNA linker, allowing
us to observe conformational changes by the lever arm during gait motion. Fur-
thermore, by analyzing the load dependency of the conformational change, we
568a Tuesday, February 28, 2012estimated the energy difference between the pre- and post-state of the lever arm
to be 3.0 kBT (that is, maximum work of the lever arm). This was far less than
the 13 kBT work we observed during the Brownian search-and-catch. We
furhter discuss theories on how the Brownian search-and-catch produces me-
chanical work.
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Cargo Activation of Full Length Myosin Va by Melanophilin Observed at
the Single Molecule Level
Maria Sckolnick, Elena B. Krementsova, David M. Warshaw,
Kathleen M. Trybus.
University of Vermont, Burlington, VT, USA.
Full-length myosin Va (myoVa) is auto-inhibited via a motor domain-globular
tail interaction, unlike the truncated constitutively active myoVa-HMM. One
potential mechanism to activate the full-length motor is cargo binding to the
tail, which would compete with the head-tail interaction and trigger the mole-
cule to extend and be activated for transport.
In the absence of cargo, it was recently shown that full-length myoVa has two
modes of interaction with actin in the presence of MgATP (Armstrong et al.).
Most motors bind to actin but do not move, while the remainder show proces-
sive motion, but with a variable stepping pattern and altered gating. Here we in-
vestigate how binding of melanophilin (Mlph), which links the melanocyte-
specific isoform of myoVa to the Rab27a(GTP)-melanosome complex, affects
the properties of myoVa at the single-molecule level.
In the absence of Mlph at 150mM KCl, a subset of Quantum dot labeled full-
length myoVa moved at a median velocity of 566nm/s with the variable step-
ping pattern previously described, suggesting altered gating under these condi-
tions. Addition of Mlph recruited 7-times more motors to move processively,
consistent with a simple model of cargo activation. The myoVa-Mlph complex
also showed increased run lengths, with many traveling to the ends of the actin
filament. In the presence of Mlph, myoVa moved much more slowly (median
velocity=76nm/s), leading to longer travel times on actin. When Mlph was
bound to the motor the step sizes were normally distributed around 60 5
14nm (SD) steps. Therefore, while myoVa moves more slowly along actin in
the presence of the cargo adapter protein Mlph, it covers a greater distance
with a more uniform and efficient stepping pattern. This slower processive
movement could potentially facilitate binding of the Rab27a(GTP)-
melanosome complex.
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Stepping Dynamics of Myosin Va Motors Physically-Linked through
a Common Qdot-cargo
M. Yusuf Ali1, Andrej Vilfan2, Kathleen M. Trybus1, David M. Warshaw1.
1University of Vermont, Burlington, VT, USA, 2J. Stefan Institute,
Ljubljana, Slovenia.
Myosin Va is a processive molecular motor that transports intracellular cargo
along actin filament tracks. In vivo, multiple myosin Va motors, attached to
the same cargo, must interact but the mode of interaction is far from certain.
We have shown that oppositely-directed myosins synchronized their stepping
while engaged in a tug of war (Ali et al. 2011). Therefore, to understand the
mechanical interactions between multiple motors of the same type, we have de-
veloped a simplified in vitro model in which two individual myosin Va were
linked via a Qdot-cargo. To monitor each motor’s stepping dynamics, one
head of each motor was labeled with either a red or a green Qdot. For this
two motor complex, velocity was reduced 1.3 - fold while run length increased
1.6 - fold. The leading motor must experience a resistive load from the trailing
motor to account for the velocity reduction and why the leading motor has an
11% back step probability. When motors in the complex were close together
(~36 nm), their stepping appeared independent. However, when the distance
between them grew larger (>72 nm), they began to synchronize their stepping
as the tension in the linkage between them presumably rose. We relate the find-
ings with a model of two coupled stochastic steppers in which the stochasticity
of motor steps stretches the linkage, while the stiffness of the linkage limits the
intermotor distance and synchronizes their stepping. Even in this simplified
model system, mechanical interactions between two identical motors are com-
plex but will help define the collective mechanics of larger motor ensembles.
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Interacting Behavior of Two Myosin Va Motors Coupled via a DNA
Scaffold
Hailong Lu1, Carol S. Bookwalter1, Elena B. Krementsova1,
Michael R. Diehl2, Kathleen M. Trybus1.
1University of Vermont, Burlington, VT, USA, 2Rice University, Houston,
TX, USA.
The number of processive motors attached to a cellular cargo influences its
transport behavior. Altering either motor number or the ratio of differentclasses of motors can therefore be a mechanism to regulate intracellular
transport. Jamison et al. recently showed that two kinesin-1 motors coupled
by a DNA scaffold have transport properties that are often dominated by one
of the motors. Here we perform a similar experiment with myosin Va (my-
oVa), which has a larger step size (~36nm) and walks on a smaller track than
kinesin. A heterodimeric myoVa was labeled on only one head with either
a red or green quantum dot (Qdot). Two myoVa molecules were then linked
to an ~50 nm long double-stranded DNA scaffold. Only complexes with one
red and one green Qdot were analyzed. Our results show that the complex
has increased run length (~1mm) compared to a single myoVa (~0.6mm). Av-
erage run lengths are, however, smaller than those predicted for two myosins
assuming motor stepping, binding, and detachment is unaffected by intermo-
tor interactions. Furthermore, the motor complex moved with reduced veloc-
ity (0.19 mm/s versus 0.27 mm/s for the single motor case). A histogram of
the distances between the labeled heads of the two motors contains multiple
peaks at ~85, 130 and 165 nm, indicating the system is flexible. The distance
between motors changes in time and the stepping pattern of the two motors
are variable, suggesting asynchronous motor stepping. After the first motor
binds to actin, the second motor binds at ~10 s-1. Our findings suggest
that the walking behavior of two myoVa molecules is altered when they
are coupled mechanically, but perhaps in a different way than multiple kine-
sins. Our technique constitutes a unique tool to understand collective motor
behavior.
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Processivity Determinants of Engineered Myosins
Tony D. Schindler, Zev Bryant.
Stanford University, Stanford, CA, USA.
Myosin superfamily proteins have diverse mechanical properties adapted for
specific cellular tasks. Specialized dimeric myosins are capable of processive
hand-over-hand motion along actin filaments. We have used protein engineer-
ing to explore structural requirements for processivity. Previous work has
shown that processivity can be retained with artificial lever arms, without re-
quiring detailed tuning of lever arm structure or mechanics[1-4]. However,
we have found that myosins engineered for desired characteristics such as bi-
drectionality[4] are often less processive than natural motors. We asked
whether processivity could be enhanced using two strategies: (1) multimeriza-
tion to form three-headed and four-headed myosins, and (2) introduction of
flexible spacers in lever arms. Models of uncoordinated stepping predict that
trimeric and tetrameric myosins should be much more processive than their di-
meric counterparts. However, coordinated stepping mechanisms may be dis-
rupted by the presence of additional heads. Similarly, the introduction of
flexible spacers may increase the accessibility of actin binding sites for subop-
timal lever arm geometries, but is also expected to abrogate strain-mediated co-
ordination between heads. After characterizing a panel of myosins with
engineered lever arms and multimerization domains, we have found that (1) tri-
mers and tetramers show large improvements in processivity over dimers, and
(2) the addition of flexible regions greatly enhances the processivity of con-
structs with short lever arms. Our findings reinforce the the idea that gating
is dispensable for processivity in high duty ratio myosins[3] and yield general
strategies for increasing processivity in engineered myosins for use in synthetic
biology or nanotechnology applications.
[1] J.C. Liao et al. J. Mol. Biol. 2009.
[2] M. Amrute-Nayak et al. Angew. Chem. Int. Ed. 2010.
[3] M.W. Elting et al. Biophys. J. 2011.
[4] L. Chen, M. Nakamura, T.D.S., and Z.B. Submitted.
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Optical Control of Speed and Directionality in Engineered Myosin Motors
Muneaki Nakamura, Zev Bryant.
Stanford University, Stanford, CA, USA.
Engineering molecular motors with dynamically controllable properties will al-
low selective perturbation of mechanical processes in vivo. We are developing
a set of engineered actomyosin motors in which external signals trigger changes
in lever arm geometry and mechanics, with predictable effects on motor prop-
erties such as directionality, step size, and processivity. Building on earlier pro-
tein engineering studies of directionality determinants [1-2], we previously
constructed myosin motors that respond to a change in [Caþþ] by reversing
their direction of motion along the polarized actin filament [3]. Our designs re-
lied on triggering rigid-to-flexible transitions in chimeric lever arms. We have
now extended this work by constructing myosins that respond to optical signals,
rather than metal ions. Light is a versatile control signal that can be readily
modulated in time and space, and is generally orthogonal to cellular signaling.
Using structure-guided protein engineering, we have incorporated photorecep-
tor domains into the lever arms of chimeric myosin motors. We have generated
